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Abstract 

Abscisic acid (ABA) catabolism is one of the determinants of endogenous ABA levels affecting numerous aspects of plant 
growth and abiotic-stress responses. The major ABA catabolic pathway is triggered by ABA 8'-hydroxylation catalysed by 
ABA 8'-hydroxylase, the cytochrome P450 CYP707A family. In this study, the full-length cDNAs of AhCYP707Al and 
AhCYP707A2 were cloned and characterized from peanut. Expression analyses showed that AhCYP707Al and AhCYP707A2 
were expressed ubiquitously in peanut roots, stems, and leaves with different transcript accumulation levels, including the 
higher expression of AhCYP707Al in roots. The expression of AhCYP707A2 was significantly up-regulated by 20% PEG6000 or 
250 mmol/L NaCI in peanut roots, stems, and leaves, whereas the up-regulation of AhCYP707Al transcript level by PEG6000 
or NaCI was observed only in roots instead of leaves and stems. Due to the osmotic and ionic stresses of high concentration 
of NaCI to plants simultaneously, low concentration of LiCI (30 mmol/L, at which concentration osmotic status of cells is not 
seriously affected, the toxicity of Li^ being higher than that of Na^) was used to examine whether the effect of NaCI might 
be related to osmotic or ionic stress. The results revealed visually the susceptibility to osmotic stress and the resistance to 
salt ions in peanut seedlings. The significant up-regulation of AhCYP707Al , AhCYP707A2 and AhNCEDI transcripts and 
endogenous ABA levels by PEG6000 or NaCI instead of LiCI, showed that the osmotic stress instead of ionic stress affected 
the expression of those genes and the biosynthesis of ABA in peanut. The functional expression of AhCYP707Al cDNA in 
yeast showed that the microsomal fractions prepared from yeast cell expressing recombinant AhCYP707Al protein 
exhibited the catalytic activity of ABA 8'-hydroxylase. These results demonstrate that the expressions of AhCYP707Al and 
AhCYP707A2 play an important role in ABA catabolism in peanut, particularly in response to osmotic stress. 
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Introduction 

The plant hormone abscisic acid (ABA) regulates many 
important physiological and developmental processes in plants as 
well as adaptive responses to environmental stresses [1]. In theory, 
endogenous ABA content should be maintained by a balance 
between biosynthetic and catabolic activities. Thus, to further 
understand the molecular mechanism that controls the ABA 
contents in plants, the genes and enzymes in biosynthesis and 
catabolism of ABA must be investigated in detail. A number of 
enzymes for ABA biosynthesis have been identified by various 
genetic or biochemical approaches [2]. One of these, the 9-cis- 
epoxycarotenoid dioxygenase (NCED), cleaves 11,12 double 
bonds of C40 carotenoids and produces the C15 precursor of 
ABA. This step is thought to be a critical reaction for de novo ABA 
biosynthesis in plants [3-5]. There are five members of the NCED 
family in the Arabidopsis genome. As the NCED family members 
exhibit various tissue specificities and expression patterns, it is 
suggested that each plays a distinct role [6]. Drought stress 



induced AtNCED3 predominantly among Arabidopsis NCED 
genes, therefore AtNCEDS is regarded as the most important 
enzyme for drought-inducible ABA biosynthesis [7]. We have 
characterized a peanut NCED gene, AhNCEDI^ and demonstrated 
that the expression of AhNCEDI gene plays an important role in 
the regulation of ABA level during water stress, and that water- 
stress tolerance of Arabidopsis plants can be improved by ectopic 
expression of the A/iNCEDl gene causing accumulation of 
endogenous ABA [8,9]. 

Although much is known about ABA biosynthesis in plants, our 
knowledge about the catabolic pathway of ABA is still relatively 
limited [2]. ABA is catabolized into inactive forms by either 
oxidation or conjugation [2]. The oxidative pathways play a 
pivotal role in various physiological processes. The major oxidative 
pathway is triggered by the hydroxylation of C'-8 to form 8'- 
hydroxy ABA (8'OH-ABA), which is unstable and can be 
spontaneously isomerized to phaseic acid (PA), and finally reduced 
to dihydrophaseic acid (DPA) [2] . It has been predicted that ABA 
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8'-hydroxylase belongs to the cytochrome P450 (CYP) monoox- 
ygenase superfamily and is named as CYP707A [2,10]. 

In recent years, considerable progress has been made in the 
identification and characterization of cDNAs encoding ABA 8'- 
hydroxylase, including four CYP707A genes in Arabidopsis 
[11,12], two in barley [13,14], two in rice [15], three in bean 
[16], five in maize [17], ten in soybean [18], and three in potato 
[19]. These investigations show that the expression of plant 
CYP707A genes is regulated developmentally and environmentally. 
In Arabidopsis, CYP707A& are induced by exogenous ABA 
treatment, dehydration and rehydration [11,12]. The induction 
of CTP707As is likely to be important for the maintenance of 
endogenous ABA levels, especially when plants have to inactivate 
ABA promptly after release from dehydration [20] . Umezawa et al 
[21] further showed that CYP707A3 plays a prominent role in 
ABA catabolism during the dehydration and rehydration processes 
of Arabidopsis plants. In bean, PvCTP707A3 transcripts signifi- 
cantiy increased in response to dehydration, no changes of mRNA 
levels of PvCrP707Al and PvCrP707A2 were found, however, 
mRNA levels of PvCYP707Al and PvCYP707A2 in dehydrated 
leaves rapidly increased in response to rehydration [16]. Trans- 
genic Micotiana sjlvestris plants over-expressing PvCTP707As dis- 
played a wUty phenotype with reduced ABA levels and increased 
PA levels, and it has been suggested that to increase ABA levels 
further by genetically repressing ABA B'-hydroxylase would be a 
more promising strategy than overexpressing NCEDs [16,22,23]. 

Strong induction of CrP707Al and CrP707A4 transcripts and 
moderate increase of CrP707A2 and CrP707A3 mRNA levels 
were observed in Arabidopsis subjected to 250 mmol/L NaCl 
stress [12]. The expressions of rice OsCTP707A5 in leaves [15] and 
all soybean GmCTP707A% in roots [18] were also increased sharply 
by high salinity. Salt stress involves both osmotic and ionic effects 
[24]. We, therefore, attempted to study these two kinds of stress 
separately with the aid of low concentration of LiCl treatment 
[25]. 

Osmotic stress is one of the major abiotic stresses that limit the 
growth and production of plants. The mechanisms of osmotic 
stress response have been investigated most extensively in 
Arabidopsis [26,27], whereas the biological functions of many 
genes related to osmotic stress response are still largely unknown in 
agricultural crops. Therefore, it is important to study the functions 
of stress-related genes to provide the basis for engineering greater 
stress tolerance in crops. We have used peanut, an economically 
important oil and protein rich crop, to investigate this subject 
[8,9,28-33]. In the present study, we report the cloning and 
characterization of two genes encoding ABA 8'-hydroxylase from 
peanut, designated as AhCYP707Al and AhCYP7()7A2, respective- 
ly. The heterologous expression oi AhCTP707Al cDNA in yeast 
showed the catalytic activity of ABA 8'-hydroxylase of the 
recombinant AhCYP707Al protein. Expressions AhCrP707Al 
and AhCTP707A2 genes were ubiquitous in peanut roots, stems 
and leaves with dilferent transcript levels, and were regulated 
osmoticaUy, as shown by responses to osmotic stress instead of 
ionic stress. 

Materials and Methods 

Peanut plants and growth conditions 

Seeds of peanut (Amchis hypogaea L. cv Yueyou 7) were sown in 
pots with a potting mixture of vermiculite, perlite and soil (1:1:1), 
and grown in a growth chamber with 16 h of light from 
fluorescent and incandescent lamps (200 |tmol m ^ s ') followed 
by 8 h of darkness at 28°C. Plants were watered daily with half- 
strength Murashige and Skoog nutrient solution [34]. 



Abiotic stress treatments of peanut plants 

For the treatment of polyethylene glycol (PEG6000), sodium 
chloride (NaCl), or lithium chloride (LiCl), three-leaf-stage (10-15 
days after planting) plants were removed from the soil mixture 
carefully to avoid injury, and then hydroponicaUy grown in a 
solution for 10 h containing 20% (W/V) PEG6000, 250 mmol/L 
NaCl, 20 mmol/L LiCl, or deionized water as a control, 
respectively. For all these treatments, plant samples were frozen 
in liquid nitrogen immediately following the treatments and stored 
at — 80°C until analysis. The entire experiments were biologically 
repeated at least three times. 

Molecular cloning of CYP707A homolog from peanut 

Total RNA was isolated from the frozen samples using the 
modified phenol-chloroform method as previously described [8]. 
For amplification of specific homologs encoding CYP707A from 
peanut, two degenerate primers (DP-707F, 5'-GGN TRI CCI 
TGY GTI ATG-3'; DP-707R, 5'-ACY TTC CAN CCY TTI 
GGI AT-3') were designed based on the conserved regions of the 
reported CYP707As in database. The first-strand cDNA was 
synthesized from 2 (ig of total RNA using the PrimeScript™ II 1st 
Strand cDNA Synthesis Kit (TaKaRa, Dalian, China) according 
to the manufacturer's protocol. The cDNA was then used as 
template for the polymerase chain reaction (PCR) amplification 
using the degenerate primers DP-707F and DP-707R. The 
resulting PCR fragments were subcloned, sequenced and com- 
pared with the reported CTP707A sequenc;es in database. The 
missing 5' and 3' ends of the amplified fragments were obtained by 
rapid amplification of cDNA ends (RACE) using the GeneRacer 
kit according to the manufacturer's instructions (Invitrogen). The 
gene specific primers for 5' RACE of AhCrP707A] were 5GSP- 
Rl-1 (5'-TGC TTT CCC AAC ATC CTC-3') (outer) and 5GSP- 
Rl-2 (5'-TTG TGC TTT GTT CAG CAC-3') (inner); the gene- 
specific primers for 5' RACE of AhCrP707A2 were 5GSP-R2-1 
(5'-ATG GTA GTG ACC TTG GTG G -3') (outer) and 5GSP- 
R2-2 (5'-TGT CAC TAA CAC CAA CCG C-3') (inner). The 
gene specific primers for 3' RACE of AhCrP707Al were 3GSP-F1- 
1 (5'-GAA GAT ACA AAG AAG ATG CC-3') (outer) and 3GSP- 
Fl-2 (5'-GAT GTT GAG TAT CAA GGG-3') (inner); the gene- 
specific primers for 3' RACE of AhCrP707A2 were 3GSP-F2-1 (5'- 
TGC CAT TTA CTC ATA GGG TG-3') (outer) and 3GSP-F2-2 
(5'-TTA CAT TTA GGG AGG CTG-3') (inner). In all cloning 
experiments, PCR fragments were gel-purified with an Agarose 
Gel DNA Purification Kit (TaKaRa, Dalian, China) and were 
ligated into the pMD 19-T Vector (TaKaRa, Dalian, China). 
Plasmids harboring target fragments were isolated and were 
sequenced from both strands. 

Sequence analyses and alignments 

The routine sequence analysis was performed by using Gene 
Runner (Hastings Software, Inc., New York, NY, USA). Com- 
puter analysis of the DNA and amino acid sequences was carried 
out using the Basic Local Alignment Search Tool (BLAST) 
program at the National Center for Biotechnology Information 
Services [35]. Multiple alignments of the amino acid sequences of 
CYP707As were performed using the Clustal W program in 
BioEdit soft^vare (Isis Pharmaceuticals, Inc.. Carlsbad, CA, USA). 
The full-length CYP707A protein sequences were phylogenetically 
analyzed by using MEGA 4 software [36] with a bootstrapping set 
of 1000 replicates. 3D comparative protein structure models of 
peanut CYP707As were generated with the automatic modeling 
mode of SWISS-MODEL implemented on the SWISS-MODEL 
Workspace website (http://swissmodel.expasy.org/) [37,38]. The 
protein structures were color-coded. The prediction of the 
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subcellular localization of peanut CYP707A proteins was per- 
formed by using the iPSORT algorithm [38] at the website: 
http:/ /ipsort.hgc.jp/. 

Real-time quantitative RT-PCR performance 

The isolated RNA by using the above mentioned method was 
treated with RNase-free DNase I (TaKaRa, Dalian, China) at 
37°C for 1 h to eliminate DNA contamination in real-time 

quantitative RT-PCR analysis. Two micrograms of total RNA and 
200 ng of a random primer were used in reverse transcription 
(RT) through the cDNA synthesis kit (TaKaRa, Dalian, China) 
according to the manufacturer's protocol. To investigate the 
expressions of AhCTP707Al and AhCYP707A2 genes in peanut 
plants in response to abiotic stresses, the gene-specific primers, 
GSP-IF (5'-CCT TAA ATG GOT TGC C-3') and GSP-IR (5'- 
TCA TCA CAA GAC TTC CCC-3') for AhCrP707Al, GSP-2F 
(5'-TTA TTC CTT GCC ACC AGG-3') and GSP-2R (5'-ATT 
TGT ACT ACT ACC GC-3') for AhCYP707A2, were designed to 
amplify a 252 base pairs (bp), or a 207 bp fragment corresponding 
to the 3' untranslated region of AhCrP707Al or AhCrP707A2 
cDNA for real-time quantitative PGR. The primers 3-UTR-F (5'- 
GGC TTG ATT ATT TTC CGT TGA GAC CTT TC-3') and 
3-UTR-R (5'-CCT GTG CTG GAC AGA AAT TTG CGC 
AAT ATC-3'), were used to amplify a 433 bp fragment 
corresponding to the 3' untranslated region of AhNCEDl cDNA 
(GenBank accession no. AJ574819), to investigate the expression 
of AhNCEDl gene in peanut plants in response to abiotic stresses. 
As an internal control for normalization of target gene expression, 
the primers 18S-F (5'-ATT CCT ACT AAG CGC GAG TCA 
TCA G-3') and 18S-R {b'-CAA TGA TCC TTC CGC AGG 
TTC AC-3') specific to peanut 18S rRNA gene (GenBank 
accession no. AF156675) were used to amplify a fragment of 226 
bp. Real-time quantitative PCRs were performed in the presence 
of Power SYBR green PGR Master Mix (Applied Biosystems, 
Guangzhou, China). Amplification was monitored in real-time 
with the MiniOpticon^'^ Real-Time PGR System (Bio-Rad, 
Shanghai, China). The products of real-time quantitative PGR 
were confirmed by determining the melt curves for the products at 
the end of each run, by analysis of the products using gel 
electrophoresis, and by sequencing. Quantification of the normal- 
ized gene expression was performed with the comparative cycle 
threshold (Ct) method [40]. Three biological and three technical 
replicates were performed for each experiment. AU RT-PCR data 
were expressed as the mean ± standard error. Statistical 
differences of expressions of AhCrP707Al and AhCrP707A2 
among peanut organs or various treatments were assessed by 
one-way analysis of variance (ANOVA) followed by the least 
significant difference (LSD) and Student-Neumann-Keuls (SNK) 
post hoc comparison. The analyses were performed with SPSS 13.0 
software (SPSS Inc., Chicago, IL, USA). The threshold of 
significance was defined as /)<0.05. 

Functional expression of peanut CYP707A1 in yeast 

The open reading frame of AhCTP707Al cDNA was amplified 
by standard PCR. The resulting product was sequenced to 
confirm the absence of PCR-caused mutation, and was cloned into 

a yeast expression vector, pYESDEST52 [16,41]. The resulting 
plasmid was transformed into Saccharomyces cerevisiae strain WAT 1 1 
[41]. Transformants were grown in SGI medium (3.4 g/L yeast 
nitrogen base, 5 g/L bactocasamino acid, 20 g/L glucose and 
40 mg/L tryptophan) for 24—36 h, transferred to SLI medium, 
which is identical to SGI, except that glucose is replaced by 20 g/ 
L galactose, for induction by galactose for 12 h [11]. To prepare 
microsomal proteins, yeast cells collected from a 500-ml SLI 



culture were suspended in 0.1 mol/L potassium phosphate buffer 
(pH 7.6). Disruption and subcellular fractionation of yeast cells 
were performed with a modified procedure that combined 
mechanical rupture and enzymatic lysis methods to improve 
fractionation efficiency [42]. The broken cells were centrifuged at 
10 000 g for 1 5 min, and the supernatant was centrifuged at 1 40 
000 g for 1 h. The pellet was washed briefly with 0.1 mol/L 
potassium phosphate (pH 7.6), and the microsomal fraction was 
resuspended in the same buffer plus 5% glycerol. Protein was 
quantified using a Bio-Rad protein assay kit (Bio-Rad, Hercules, 
CA, USA). The ABA 8'-hydroxylase enzymatic assay contained 
100 jxg of microsomal protein in 0.1 mL of 50 mmol/L potassium 
phosphate (pH 7.6) to which was added 3 |.iL of 10 mmol/L ABA 
and 1 M-L of 10 mmol/L NADPH. After incubation at 22°C for 
18 h, the reaction was stopped by addition of 10 |a,L acetic acid. 
The reaction products were extracted four times with an equal 
volume of ethyl acetate. The ethyl acetate extracts were 
resuspended in 100 |J,L of methanol, and 5 |iL of the sample was 
subjected to HPLC analysis on the Sep-Pak C18 cartridges 
(Waters, Milford, MA, USA) with a 40-min gradient from 10% to 
80% methanol in water containing 0.1% acetic acid and a flow 
rate of 1 mL/min (UV detection at 254 nm). The retention time 
for authentic PA and ABA was 16.9 and 36.8 min, respectively. 

Determination of ABA level 

The extraction and quantification of endogenous ABA were 
performed as previously described [9,31]. The ABA levels were 
determined from three independent experiments with three 
rephcates for each. 

Results 

Cloning and characterization of genes AhCYP707A1 and 
AhCYP707A2 encoding ABA 8'-hydroxylase in peanut 
plants 

The conserved regions of the reported plant CYP707As were 
used for the design of degenerate primers used in the PCR 
amplification of new CTP707A homolog from peanut plants. Two 
fragments (named as AhCrP707Al and AhCrP707A2, respectively) 
were amplified from the cDNA of PEGGOOO-treated peanut leaves. 
The sequences of the two fragments show high similarity with the 
reported CrP707A% in GenBank DNA database. The fuU length 
cDNA of AhCrP707Al obtained through RACE, consists of 
1730 bp nucleotides, including a 91-bp 5' untranslated region (5' 
UTR) and a 238-bp 3' untranslated region (3' UTR). AhCrP707Al 
cDNA has an open reading frame (ORF), encoding a polypeptide 
of 466 amino acid residues with a calculated molecular weight of 
53.39 kDa and an isoelectric point of 9.16. The full length cDNA 
of AhCrP707A2 obtained through RACE, consists of 2246 bp 
nucleotides, including a 443-bp 5' UTR and a 357-bp 3' UTR. 
AhCrP707A2 cDNA has an ORF encoding a polypeptide of 481 
amino acid residues with a calculated molecular weight of 
55.06 kDa and an isoelectric point of 9.22. 

Multiple sequence alignments (Figure lA) of the deduced amino 
acids of AhCYP707Al and AhCYP707A2 showed that Ah- 
CYP707A1 and AhCYP707A2 shared 51.9% sequence identity 
with each other. AhCYP707Al shared 67.8%, 67.0%, 55.4% and 
51.8'/o sequence identity with Arabidopsis AtCYP707A3, At- 
CYP707A1, AtCYP707A2, and AtCYP707A4, respectively; 
AhCYP707A2 shared 67.6%, 53.0%, 52.1% and 51.0% sequence 
identity witii Arabidopsis AtCYP707A4, AtCYP707A2, At- 
CYP707A3, and AtCYP707Al, respectively (Figure lA). Both 
AhCYP707Al and AhCYP707A2 proteins contain the highly 
conserved cysteine residue (PFGNGTHSCPG), which is the 
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putative heme iron ligand, and appears to be essential for catalysis 
[11]. Both AhCYP707Al and AhCYP707A2 are predicted as 
having a signal peptide by the iPSORT prediction (Figure lA) 
[39]. Phylogenetic analysis of AhCYP707Al and AhCYP707A2, 
four Arabidopsis CYP707As and three bean CYP707As showed 
that AhCYP707Al protein was closer to bean PvCYP707Al and 
PvCYP707A2, Arabidopsis AtCYP707Al and AtCYP707A3, and 
that AhCYP707A2 protein was closer to Arabidopsis At- 
CYP707A4 (Figure IB), which have all been proved actively in 
ABA 8^-hydroxylation [11,16]. The SWISS-MODEL tool gener- 
ated a 3D structure for the domain of retinoic acid bound 
cyanobacterial CYP120A1 in bodi AhCYP707Al and Ah- 
CYP707A2 proteins (Figure 2). These results imply that both of 
peanut CYP707As likely function as an active ABA 8 '-hydroxylase 
homologous to other characterized CYP7()7A proteins. 

The complete cDN.\ s(;(iuciiccs of AhCrP707Al and Ah- 
CTP707A2 genes have been deposited in the EMBL nucleotide 
sequence database under the accession numbers HG764750 and 
HG764751, respectively. 



Organ specific expression patterns of AhCYP707Al and 
AhCYP707A2 in peanut seedling 

Real-time quantitative RT-PCR analysis was performed to 
examine the expressions oiAhCrP707Al and AhCrP707A2 in 14- 
day-old peanut seedlings (Figure 3). AhCrP707Al and Ah- 
CTP707A2 genes were expressed in all organs examined, including 
roots, stems and leaves, although the relative abundance differed 
between genes. In particular, AhCTP707Al mRNA predominandy 
accumulated in roots. The AhCTP707A2 gene was ubiquitously 
expressed in roots, stems and leaves of peanut. 

Transcripts of AhCYP707A1, AhCYP707A2 and AhNCEDI 
and ABA levels in peanut seedling were up-regulated by 
osmotic stress but not by ionic stress 

The expressions of four Arabidopsis AtCTP707A% [11,12], rice 
OsCrP707A5 [15] and ten soybean GmCYP707As, [18] were 
reported to be induced by both dehydration and high salinity. 
In die present study, the expressions oiAhCrP707Al, AhCrP707A2 
and AhNCEDI genes in peanut plants in response to 20% 
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Figure 1. Sequence analyses of CYP707A proteins from peanut, Arabidopsis and bean. (A) Alignment of deduced amino acid sequences 
of peanut AhCYP707A1, AhCYP707A2 with four Arabidopsis CYP707A proteins (AtCYP707A1 to 4). Identical and similar amino acid residues were 
shaded in black and gray, respectively. The asterisk symbol above the alignment indicates the active-site cysteine of CYP707As. A putative signal 
peptide located at the N-terminus of AhCYP707A1 or AhCYP707A2 was underlined. Amino acids were numbered from the initial methionine. 
GenBank accession numbers for each aligned CYP707A protein were indicated in parentheses. (B) Phylogenetic analysis of amino acid sequences of 
AhCYP707Al, AhCYP707A2 with four Arabidopsis CYP707As (AtCYP707A1 to 4) and three bean CYP707As {PvCYP707Al to 3). IVlultiple sequence 
alignment was performed using Clustai W and the phylogenetic tree was constructed via the Neighbor-Joining method in IVIEGA 4 software. 
Bootstrap values from 1000 replicates for each branch were shown. GenBank accession numbers for each analyzed CYP707A were Indicated In 
parentheses. The scale bar is 0.05. 
dol:l 0.1 371/journal.pone.0097025.g001 
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Retinoic acid bound cyanobacterial 
CYP120A1 domain 



AhCYP707A1 



AhCYP707A2 




Figure 2. Ribbon diagrams of major 3D structure of Ah- 
CYP707A1 and AhCYP707A2 generated with SWISS-MODEL. 

Tine green bar above the ribbon diagrams represents protein sequences 
with their corresponding amino acid lengths, and the blue bar indicates 
the sequence areas where 3D structure was generated with SWISS- 
MODEL The structure was color-coded ranging from the N-terminus 
(blue) to the C-terminus (red). 
doi:1 0.1 371 /journal.pone.0097025.g002 

PEG6000 or 250 mmol/L NaCl were determined by real-time 
quantitative RT-PCR performance, and the endogenous ABA 
levels were srmultaneouly determined. As shown in Figure 4B, the 
expression of AhCTP707Al gene was up-regulated by PEG6000 or 
NaCl in peanut roots, but not in stems and leaves. By contrast, the 
transcript levels of AhCYP707A2 in roots, stems and leaves were aU 
increased significantly by those treatments. The expression of 
AhMCEDl gene was strongly up-regulated by PEG6000 or NaCl in 
leaves and stems, but not in roots (Figure 4C). The endogenous 
ABA also accumulated predominantly in leaves and stems under 
those treatments (Figure 4D). To examine whether the effect of 
NaCl might be related to osmotic or ionic stress, we examined the 
effects of 30 mmol/L LiCl, at which concentration osmotic status 
of cells is not seriously affected, the toxicity of Li"^ being even 
higher than that of Na""" ions [25]. The growth of peanut plants was 
evaluated visually. After a 10-h treatment, peanut seedlings 
hydroponicaUy grown in the solution containing 20% PEG6000 
or 250 mmol/L NaCl showed severe wilting symptoms, whereas 
no significant wilting .symptom was observed in plants grown in the 
solution containing 30 mmol/L LiCl, suggesting the susceptibility 
to osmotic stress and the resistance to salt ions in peanut seedlings 
(Figure 4A). The effect of 30 mmol/L LiCl on the levels of 
AhCrP707Al, AhCrP707A2 and AkNCEDl transcripts and endog- 
enous ABA in peanut plants was further determined. The result 
showed that the mRNA levels of AhCrP707Al, AhCrP707A2 
(Figure 4B) and AhMCEDl (Figure 4C) were not affected by the 
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Figure 3. Expressions of AhCYP707A 7 and AhCYP707A2 in peanut 
under normal conditions were determined by real-time RT- 
PCR. Total RNA was prepared respectively from root, stem, and leaf of 
peanut plants. Gene expressions were shown relative to the expression 
of peanut 18S rRNA gene in each sample. All data are presented as 
mean ± standard errors (SE) of three replicates. A different letter above 
each bar indicates a significant difference between organs (p<0.05). 
doi:10.1371/journal.pone.0097025.g003 

LiCl treatment. The ABA level was also not affected by the LiCl 
treatment (Figure 4D). The significant up-regulation of Ah- 
CrP707Al, AhCrP7()7A2 and AkNCEDl transcripts and endoge- 
nous ABA levels by both 20% PEG6000 and 250 mmol/L NaCl, 
but not by 30 mmol/L LiCl, showed that the osmotic stress 
instead of ionic stress affected the expression of those genes and the 
biosynthesis of ABA in peanut plants. 

ABA 8'-hydroxylase activity of recombinant AhCYP707A1 
protein 

The recombinant AliCYP707Al protein was expressed in yeast 
[41] to test for the enzymatic activity of converting ABA to PA. 
SDS-PAGE analysis showed that a new intense band of about 
53 kDa appeared in the microsomal fraction of yeast cell 
expressing AhCYP707Al (Figure 5A). As an in vitro test, 
microsomes isolated from yeast cell expressing AhCYP707Al 
protein was analyzed for the function of ABA degradation. HPLC 
analyses revealed that the ABA level (4.84 |ig) [the peak at the 
retention time of 36.8 min (Figure 5C)] was greatly decreased in 
the microsomes isolated from yeast cell expressing AliCYP707Al, 
whereas the ABA level (7.69 |J,g) remained nearly unchanged in 
the microsomes isolated from yeast with the plasmid only 
(Figure 5B). Furthermore, one new peak was detected in the same 
analysis at the retention time of 16.9 min, whereas the microsomes 
isolated from yeast with the plasmid only produced no new peak at 
that retention time (Figure 5B and C). The new peak was identical 
in the retention time to authentic standard of PA. 

Discussion 

Regulation of ABA metabolism within plants depends on 
internal or external signals, such as developmental stages or water 
deficit. The equilibration of ABA biosynthesis and catabolism is a 
determinant of endogenous ABA content in plants. ABA is 
catabolized into an inactive form either by oxidation or 
conjugation, and it has been generally assumed that ABA 8'- 
hydroxylation, catalyzed by the CYP707A proteins, plays a 
prominent role in ABA catabolism [11,12]. The CYP707A family 
appears to be highly conserved among different plant species. In 
the present study, two cDNAs, AhCrP707Al and AhCrP707A 2, 
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Figure 4. Effects of osmotic and salt stresses on peanut seedlings. Peanut seedlings of twelve days old were hydroponically grown in the 
solution containing 20% PEG6000, 250 mmol/L NaCI, 30 mmol/L LiCI, or deionized water as a control (CK) for 10 h to assess wilting symptoms 
visually. Photographs shown here represent the results of triplicate independent assays (A). Organ specificity of the accumulation of AhCYP707Al, 
AhCYP707A2 (B) and AhNCEDI (C) transcripts, and endogenous ABA (D) in peanut plants in response to PEG6000, NaCI or LiCI. Total RNA was prepared 
separately from root, stem and leaf of stressed or control (CK) plants. Real-time quantitative RT-PCR analysis was performed as described in Figure 3. 
The ABA levels in the root, stem, and leaf of peanut plants at the presence or absence of stresses were measured triplicately for each sample. All data 
are presented as mean ± SE of three replicates. A different letter above each bar indicates a significant difference between treatments (p<0.01). 
doi:10.1371/journal.pone.0097025.g004 



encoding ABA 8'-hydroxylase were cloned and characterized from 
peanut plants. Multiple sequence alignments showed that both 
peanut CYP707As share high similarity with previously reported 
CYP707As in database (Figure 1). The active site of cysteine 
residue [1 1] was well conserved in both peanut CYP707As 
(Figure lA). In a comparison of deduced amino acid sequences, 
AhCYP707A2 shares highest sequence identity with At- 
CYP707A4, which was consistent with the result that Ah- 
CYP707A2 is phylogenetically closer to AtCYP707A4 



(Figwe IB). AliCYP707Al and AliCYP707A2 are both predicted 
as having a signal peptide (Figure lA). The 3D structure for the 
domain of retinoic acid bound cyanobacterial CYP120A1 was 
generated in both AhCYP707Al and AhCYP707A2 proteins 
(Figure 2). The function of the AhCYP707Al was demonstrated 
by heterologous expression in yeast (Figure 5). The microsomal 
fraction prepared from yeast cell expressing AhCYP707AI 
produced, in addition to an ABA peak, a PA peak in the HPLC 
analysis, whereas the control expressing the plasmid only did not 
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Figure 5. Functional expression of AliCYP707A1 in yeast. (A) SDS-PAGE of microsomes isolated from yeast cells expressing the plasmid 
pYESDEST52 only (1), or expressing recombinant AhCYP707A1 (2). Lane 3 is the purified recombinant AhCYP707A1. (B) HPLC analysis of reaction 
products of ABA (7.69 jig left) incubated with microsomes from yeast cells expressing the plasmid pYESDEST52 only. (C) HPLC analysis of reaction 
products of ABA (4.84 jj.g left) incubated with microsomes from yeast cells expressing AhCYP707A1. The recombinant AhCYP707A1 microsomes 
(100 jj.g protein) were incubated with ABA (7.93 ^g). Retention time is given in minutes, while the vertical axis indicates UV absorbance at 254 nm 
(A254). The positions of ABA and PA are indicated. 
doi:1 0.1 371 /journal.pone.0097025.g005 



produce a PA peak (Figure 5B and C). These results from in vitro 
assay conclusively demonstrate that the peanut AhCYP707Al 
protein exhibits the catalytic activity of ABA 8'-hydroxylase. 

In Arabidopsis, CYP707A genes were expressed in all tissues, 
although the relative abundance differed among genes. Overall 
expression levels of CYP707A1 and CYP707A3 are much higher 
than those of CrP707A2 and CrP707A4; flower buds and flowers 
were relatively abundant in the transcripts of all CTP707A?, 
compared with the other tissues; in rosette leaves, CYP707A3 
mRNA was the major transcript, while CTP707A2 was abundantly 
expressed in inflorescence stems; in roots, CYP707A1 and 
CYP707A3 were moderately expressed, whereas weak expression 
of CrP707A2 and no expression of CrP707A4 were observed [12]. 
Transcripts of three bean PvCTP707As were relatively abundant in 
mature organs, stems and roots, whereas young organs showed 
low expression levels oi PvCTP707As [16]. In rice, CYP707A5 was 
highly expressed in seedlings and expanding leaves, though 
CTP707A6 was highly expressed in internodes and expanding 
leaves, but showed weak expression in seedlings [15]. Here we 
showed that peanut AhCrP707Al and AhCrP707A2 genes were 
expressed ubiquitously in roots, stems and leaves with different 
transcript accumulation levels, including the higher expression of 
AhCYP707Al in roots (Figure 3). These results indicate that the 
expression of plant CYP707A genes is differently regulated in each 
organ, although there is functional redundancy among the 
CrP707A genes in plants [11,12,15,16,18]. 

It has been shown that the level of ABA increases dramatically 
in response to osmotic stress [43]. The accumulation of 
endogenous ABA that occurs under osmotic stress is rapidly 
reversed through ABA catabolism subsequent to removal of the 



stress [20,44]. It is important to note that these reactions occur 
concomitantly with the induction of CTP707As gene expression 
[1 1,12,16]. Saito et al [12] showed that the transcript levels of all 
four Arabidopsis CYP707A genes increased in response to mannitol 
or drought stress. Water stress strongly induced the expression of 
PvCrP707A3 instead of PvCrP707Al and PvCrP707A2 in bean 
leaves [16]. In rice, CYP707A5 showed sharp increases of 
transcripts in mannitol-treated leaves, whereas CYP707A6 did 
not respond to the treatment [15]. In this study, we demonstrated 
that the transcript levels of both peanut CTP707A genes increased 
in response to PEG6000- or NaCl-induced osmotic stress 
(Figure 4B). The expression of AhCTP707A2 gene was significandy 
up-regulated by PEG6000 or NaCl in peanut roots, stems and 
leaves, whereas the up-regulation of AhCTP707Al mRNA level by 
PEG6000 or NaCl was not observed in stems and leaves except for 
roots (Figure 4B), implying that AhCYP707Al might be involved 
in ABA catabohsm in peanut roots in response to osmotic stress. 

The expression of CTP707A genes induced by high concentra- 
tion of NaCl has been observed in Arabidopsis [12], rice [15], and 
soybean [18]. In the present study, the expressions otAhCTP707A2 
in peanut roots, stems and leaves, and AhCYP707Al in roots were 
sharply induced by 250 mmol/L NaCl (Figure 4B). Since NaCl 
has both osmotic and ionic effects simultaneously [24], low 
concentration of LiCl was used to examine whether the effect of 
NaCl might be related to osmotic or ionic stress. As shown in 
Figure 4, the significant up-regulation of AhCTP707Al, Ah- 
CrP707A2 and AkNCEDl transcripts and endogenous ABA levels 
by both PEG6000 and NaCl, but not by LiCl, showed that the 
osmotic stress instead of ionic stress affected the expression of those 
genes and the biosynthesis of ABA in peanut plants. The 
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susceptibility to osmotic stress and the resistance to salt ions were 
observed in peanut seedlings. 

Umezawa et al [21] suggested that CYP707A3 is the major 
enzyme for ABA catabolism in Arabidopsis during dehydration, 
whereas AtNCEDS has a significant role in dehydration-respon- 
sive ABA biosynthesis [7]. We have previously shown that the 
expression oi AhNCEDl gene in peanut plants is significandy up- 
regulated by dehydration, and suggested that the expression of 
AhNCEDl gene plays an important role in water-stress induced 
biosynthesis of ABA [8,9]. ABA levels are maintained by the 
balance between its biosynthesis and catabolism, rather than 
simply by the biosynthesis alone. Our results demonstrated that 
the expression of both peanut CTP707A genes was activated upon 
osmotic stress (Figure 4B), although their induction was much 
slighter than that of AhNCEDl expression (Figure 4C). This 
difference in induction kinetics may define the accumulation of 
stress-induced ABA levels (Figure 4D). In response to osmotic 
stress, the balance between ABA biosynthesis and catabolism 
might be explained as follows. It is likely that stress-responsive 
induction of CYP707As helps not only to maintain endogenous 
ABA levels within the permissible range, but also to prepare the 
plant for degradation of ABA after removal of the stress. It is 
proposed that ABA- biosynthetic and cataboHc activities co- 
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operatively determine endogenous ABA levels in plants during 
osmotic stress. 

In conclusion, the present work has identified two genes, 
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expression in yeast demonstrated the catalytic activity of ABA 8'- 
hydroxylase of the recombinant AhCYP707Al protein. Expres- 
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differences among CYP707A gene family. 

Author Contributions 

Conceived and designed the experiments: SL YL XRW LL. Performed the 
experiments: SL YL LML BH. Analyzed the data: SL YL XRW BH LL. 
Contributed reagenis/maLcrials/analysis tools: SL YL XRW BH LL. 
Wrote the paper: SL YL XRW LL. 



19. Suttie JC, Abrams SR, Stefano-Beltran LD, Huckle LL (2012) Chemical 
inhibition of potato ABA-8 '-hydroxylase activity alters m vitro and in vivo ABA 
metabolism and endogenous ABA levels but does not affect potato microtuber 
dormancy duration. J Exp Bot 63: 5717-5725. 

20. Zeevaart JAD (1980) Changes in the levels of abscisic acid and its metabolites in 
excised leaf blades of Xanthium strumarium during and after water stress. Plant 
Physiol 66: 672-678. 

21. Umezawa T, Okamoto M, Kushiro T, Nambara E, Oono Y, et al. (2006) 
CYP707A3, a major ABA 8 '-hydroxylase involved in dehydration and 
rehydration response in Arabidopsis thaliana. Plant J 46: 171-182. 

22. Qin X, Zeevaart JAD (2002) Over-expression of a 9-OT-epoxycarotenoid 
dioxygenase gene in Micotiana phtmbaginifolia increases abscisic acid and phaseic 
acid levels and enhances drought tolerance. Plant Physiol 128: 544—551. 

23. Qin X, Zeevaart JAD (1999) The 9-ay-epoxycEU'otenoid cleavage reaction is the 
key regulatory step of abscisic acid biosynthesis in water-stressed bean. Proc Nati 
Acad Sci USA 96: 15354-15361. 

24. Allakhverdiev SI, Sakamoto A, Nishiyama Y, Inaba M, Murata N (2000) Ionic 
and osmotic elfeets of NaCI-induced inactivation of photosystems I and 11 in 
Synechococcus sp. Plant Physiol 123: 1047—1056. 

25. Tamura T, Hara K, Yamaguchi Y, Koizumi N, Sano H (2003) Osmotic stress 
tolerance of transgenic tobacco expressing a gene encoding a membrane-located 
receptor-hke protein from tobacco plants. Plant Physiol 131: 454^62. 

26. Zhu JK (2002) Salt and drought stress signal transduction in plants. Annu Rev 
Plant Biol 53: 247-273. 

27. Bray EA (2002) Plant responses to water deficit. Trends Plant Sci 2: 48-54. 

28. Li XY, Liu X, Yao Y, Li YH, Liu S, et al. (2013) Overexpression of Arachis 
hypogaea AREBl gene enhances drought tolerance by modulating ROS 
scavenging and maintaining endogenous ABA content. Int J Mol Sci, 14; 
12827-12842. 

29. Hong L, Hu B, Liu X, He (.^Y, Yao Y, et al. (2013) Molecular cloning and 
expression analvsis of a new stress-related AREB gene from Arachu hypogaea. Biol 
Plantarum 57: 56-62. 

30. Hu B, Hong L, Liu X, Xiao S, Lv Y, et al. (2013) The higher expression and 
distribution of 9-ay-epoxyc£uotenoid dioxygenase 1 (AhNCEDl) from Arachis 
hypogaea L. contribute to tolerance to water stress in a drought-tolerant cultivar. 
Acta Physiol Plant 5: 1667-1674. 

31. Wan X, Mo A, Liu S, Yang L, Li L (201 1) Constitutive expression of a peanut 
ubiquitin-eonjugating enzyme gene in Arabidopsis confers improved water-stress 
tolerance through regulation of stress-responsive gene expression. J Biosci 
Bioengm 111: 478-484. 

32. Liu X, Hong L, Li XY, Yao Y, Hu B, et al. (201 1) Improx rd droiiohl and salt 
tolerance in transgenic Arabidopsis overcxprcssing a NAC transeripiional factor 
from Arachis hypogaea. Biosci Biotechnol Biochem 75: 443^50. 

33. Liang J, Yang L, Chen X, Li L, Quo D, et al. (2009) Cloning and 
characterization of the promoter of the 9-cw-epoxycarotenoid dioxygenase gene 
in Arachis hypogaea L. Biosci Biotechnol Biochem 73: 2103-2106. 

34. Murashige T, Skoog F (1962) A revised medium for rapid growth and bioassay 
with tobacco tissue cultures. Physiol Plant 15: 473-497. 

35. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local 
alignment search tool. J Mol Biol 215: 403^10. 



PLCS ONE I www.plosone.org 



8 



May 2014 I Volume 9 | Issue 5 | e97025 



Expression of CYP707A Genes in Peanut in Response to Osmotic Stress 



36. Tamura K, Dudley J, Nci M, Kumar S (2007) MEGA4: Molecular evolutionary 
genetics analysis (MEGA) software version 4.0. Mol Biol Evol 24: 1596-1599. 

37. Schwede T, Kopp J, Guex N, Peitsch MC (2003) SWISS-MODEL: An 
automated protein homology-modeling server. Nucleic Acids Res 31: 3381— 
3385. 

38. Arnold K, Bordoli L, Kopp J, Schwede T (2006) The SWISS-MODEL 
workspace: A web-based environment for protein structure homology modeling. 
Biomlormatics 22: 195 201. 

39. Bannai H, Tamada Y, Maruyama O, Nakai K, Miyano S (2002) Extensive 
feature detection of jV-terminal protein sorting signals. Bioinformatics 18: 298- 
305. 

40. Muller PY, Janovjak H, Miserez AR, Dobbie Z (2002) Processing of gene 
expression data generated by quantitative real-time RT-PCR. Biotechniques 32: 
1372-1379. 



41. Pompon D, Louerat B, Bronine A, Urban P (1996) Yeast expression of animal 
and plant P450s in optimized redox environments. Methods Enzymol 272: 51— 
64. 

42. Liu CJ, Huhmair D, Lloyd W, Sumner LW, Dixon RA (2003) Regiospecific 
hydroxylation of isoflavones by cytochrome P450 81E enzymes from Medicago 
tnmcatula. Plant J 36: 471^84. 

43. Pierce M, Raschke K (1981) Synthesis and metaboHsm of abscisic acid in 
detached leaves of Phaseolus vulgaris L. after loss and recovery of turgor. Planta 
153: 156-165. 

44. Kiyosue T, Yamaguehi-Shinozaki K, Shinozaki K (1994) Gloning of cDNAs for 
genes that are early-responsive to dehydration stress (ERDs) in Arabidopsis thalima 
L.: identification of three ERDs as HSP cognate genes. Plant Mol Biol 25: 791- 
798. 



PLOS ONE I www.plosone.org 



9 



May 2014 I Volume 9 | Issue 5 | e97025 



